Investigations into the plasticity of eye growth and refractive error development have significantly expanded our knowledge of animal models of myopia in the last 15 yr. The applicability of this information is as yet undetermined, but hopefully this information will be useful in learning more about human myopia. This paper presents a critical review of the animal myopia literature as those data relate to the human condition. Differences between the chicken, tree shrew, and primate animal models of myopia are outlined, and the various experimental paradigms used to investigate refractive error development and ocular growth in the chicken are compared. Specific arguments against the application of animal models of myopia to the etiology of human juvenile onset myopia include the following: (1) there is no deprivation of form vision in the environment of the school-aged child as severe as that required to induce myopia in animals; (2) the sensitive period for deprivation myopia in animals appears to be too early to account for human juvenile onset myopia; and (3) studies in the chicken using spectacle lenses to create dioptric blur involve a choroidai thickness modulation that has no human analog. Ultimately, the results of investigations into the cellular and biochemical modulation of eye growth in animals may be the most relevant to human myopia.
Myopia
Deprivation Animal myopia Emmetropization Juvenile onset myopia Heredity Environment
Various aspects of human myopia have been studied for at least 80yr (Steiger, 1913; Working Group on Myopia Prevalence and Progression, 1989) . That research has produced evidence for a genetic-based etiology of myopia as well as for an environmental-based theory of myopia centered on accommodation and near work (McBrien & Barnes, 1989) . It is as yet unknown what relative roles these "nature" and "nurture" components play in the onset and progression of human myopia, and there are many limitations in attempting to discern their relative roles through epidemiologic and clinical research. The fortuitous discovery that abnormal axial length elongation occurs in certain animal species during visual deprivation is largely responsible for the resurgence of research interest in myopia as experimental manipulation became possible in the study of the etiology of myopia (WaUman, Turkel & Trachtman, 1978; Wiesel & Raviola, 1977) . The three species most often studied are: (1) the chicken, with visual deprivation resulting in marked elongation of the globe (Wallman & Adams, 1987) , even when applied regionally (Wallman, Gottlieb, Rajaram & Fugate-Wentzek, 1987) , (2) the tree shrew, with visual deprivation resulting in marked globe elongation and resultant myopia (McKanna & Casagrande, 1978 ; Marsh-Tootle & *School of Optometry, University of California at Berkeley, Berkeley, CA94720, U.S.A. Norton, 1989) , and (3) non-human primates, with disruption of normal visual input resulting in moderate axial growth and moderate myopia in some studies (Raviola & Wiesel, 1985; Tigges, Tigges, Fernandes, Eggers & Gammon, 1990; Wiesel & Raviola, 1977 , 1979 . Troilo and Wallman (1991) have recently drawn parallels between three lines of evidence from animal experimentation, relating the plasticity of refraction and the influence of the environment in animals to an environmental etiology for human myopia: (1) refraction can be tuned to partially compensate for the defocus induced by spectacle lenses (Irving, Sivak & Callender, 1992; Schaeffel, Glasser & Howland, 1988; Schaeffel & Howland, 1991; Schaeffel, Troilo, Wallman & Howland, 1990; Wallman, Xu, Wildsoet, Krebs, Gottlieb, Marran & Nickla, 1992) ; (2) a physically near environment produces myopia and is presumed to be analogous to prolonged near work in humans (Miles & Waliman, 1990; Young, 1961) ; and (3) form deprivation produces myopia both in animal species (McKanna & Casagrande, 1978; Raviola & Wiesel, 1985; Wallman et al., 1978) and in humans (Gee & Tabbara, 1988; Miller-Meeks, Bennett & Keech 1989; Rabin, Van Sluyters & Malach, 1981; Robb, 1977; yon Noorden & Lewis, 1987) .
Given the vast array of information on experimental myopia available from the animal models, especially the chicken, and given that parallels are being drawn to human myopia (Sivak, 1988; Troilo & Wallman, 1991; Schaeffel & Howland, 1991) , it is time to ask whether this induced myopia in animals is analogous to human myopia: will the progress in animal research contribute to understanding the etiology of human myopia and perhaps lead to its treatment or prevention? The discussion that follows examines whether this environmental influence on abnormal, myopic eye growth in animals applies to human juvenile onset myopia.
NEAR WORK AND MYOPIA IN HUMANS
Since myopia in animals is induced through manipulation of the environment, linkage between human and experimental animal myopia most often comes from the classical, environmental theories associating excessive near work with the onset of myopia (Curtin, 1985; McBrien & Barnes, 1989; Working Group on Myopia Prevalence and Progression, 1989) . In summary, experimental and epidemiologic lines of evidence have indicated that schooling, study, reading, and other near work are associated with excessive axial elongation and myopia (Angle & Wissmann, 1978 , 1980 Cohn, 1886; Rosner & Belkin, 1987; Ware, 1813; Young, Leary, Baldwin, West, Box, Harris & Johnson, 1969; Zylbermann, Landau & Berson, 1993) , but evidence that near work directly causes myopia is impossible to obtain from purely observational studies.
Most often, the accommodation these activities require is cited as the cause of the myopia. The basic tenets of this theory are that accommodation and/or convergence create force on the sclera and a resultant increase in intraocular pressure. This higher pressure would then be poorly resisted by the sclera, resulting in expansion, excessive ocular length, and myopia (Van Alphen, 1961; Young, 1975) . The ability of cycloplegic agents to decrease the rate of myopia progression is cited as evidence of the near work theory of myopia etiology (Bedrossian, 1979; Yen, Liu, Kao & Shiao, 1989) , although it is possible that agents such as atropine modulate eye growth through retinal receptors rather than through the accommodative mechanism (Stone, Lin & Laties, 1991) .
THE CHICKEN MODEL OF MYOPIA
The largest body of work in the animal myopia literature involves chickens. As much as 10-24 D of axial myopia has been induced through occlusion (Wallman et al., 1978) . Later studies demonstrated that the elongation was localized when only part of the visual field was occluded: the part of the retina corresponding to the occluded field grew disproportionately long and was myopic while the axial length of the unoccluded retina was normal . These results indicated that local, retinal control of the abnormal eye growth occurs as a response to visual deprivation in the chick. Other investigators identified factors or processes that are not necessary for the induction of abnormal eye growth: (1) ganglion cell activity [similar regional occlusion results after optic nerve section (Troilo, Gottlieb & Wallman, 1987) ] and (2) accommodation [myopia secondary to visual deprivation after ciliary nerve section (Wallman, Rosenthal, Adams & Trachtman, 1981a) ]. In contrast, the retinal pigment epithelium and photoreceptors must be intact for occlusion-induced axial elongation to occur (Oishi & Lauber, 1988) .
In addition to its use in the study of abnormal eye growth and myopia development, the chicken has also been used as a model for normal eye growth and emmetropization, the process whereby most of the individuals in a population achieve no net refractive error during a period of coordinated growth. Although the chicken eye demonstrates emmetropization under normal visual conditions (Wallman, Adams & Trachtman, 1981b) , emmetropization and deprivation myopia are often linked conceptually, with the suggestion that deprivation-induced myopia is the result of emmetropization gone awry. Likewise, recovery from visual deprivation myopia or spectacle-induced refractive error is referred to as a type of emmetropization where the eye detects its dioptric level of blur and modulates its growth to become emmetropic (Schaeffel & Howland, 1991; Troilo & Wallman, 1991) . Table 1 summarizes evidence supporting the conceptual separation of these three visual stimulus conditions--deprivation, recovery from deprivation, and spectacle lens-induced refractive error--from normal, open eye growth in the chick. For example, the absence of ganglion cell activity does not disrupt either the induction of deprivation myopia (Troilo et al., 1987; Wildsoet & Pettigrew, 1989) nor the development of refractive error induced by blur from spectacle lenses (Wildsoet & Wallman, 1993) , but without ganglion cell activity, the deprivation-induced myopic eye overshoots emmetropia once occlusion is stopped, and the normal eye does not emmetropize. Recent pharmacological experiments have shown that 6-hydroxy dopamine suppresses deprivation myopia but does not suppress spectacle lens-induced refractive error changes nor normal, open eye growth (Schaeffel, Hagel, Bartmann, Kohler & Zrenner, 1994) . And while spectacle lens-induced blur experiments have revealed a "second" emmetropizing mechanism involving changes in choroidai thickness , its relationship to a primary system responsible for proportional eye shape or emmetropization under normal, open eye visual conditions (Schaeffel & Howland, 1991; Troilo & Wallman, 1991) remains unknown.
If the same underlying process governs deprivationinduced myopia, the recovery from such myopia, spectacle-lens induced refractive error, and normal emmetropization, then experimental manipulations disrupting or preventing one process should likewise disrupt or prevent the others. Each of these processes seems to utilize a different pathway, however. While deprivation myopia appears to be under local, retinal Severe myopia still occurs (Troilo et al., 1987; Wildsoet & Pettigrew, 1989) Less induced myopia (Wallman et al., 1981a) Recovery overshoots emmetropia (Troilo & Wallman, 1988 , 1991 Recovery from induced myopia (Troilo & Wallman, 1988) Suppressed (Schaeffel Not done et al., 1994) Incomplete compensation for induced refractive error Compensation for induced refractive error (Schaeffel et al., 1990) Compensation unaffected (Schaeffel et al., 1994) Smaller eyes, severe hyperopia (Troilo et al., 1987; Wildsoet & Pettigrew, 1989) Not done
No effect (Schaeffel et al., 1994) control, emmetropization requires central, neuronal connections (Table 1) . Choroidal thickness modulation operates under the abnormal visual condition present when refractive error-inducing spectacle lenses are applied , but its role in normal development is not known. It may be difficult, therefore, to determine what occurs in normal emmetropization by extrapolating from what occurs once it has been interrupted by deprivation-induced myopia.
THE TREE SHREW MODEL OF MYOPIA
The tree shrew, a small, diurnal mammal, has also been used to investigate the development of refractive error. Tree shrews raised without visual compromise undergo emmetropization . Monocular visual deprivation experiments result in axial elongation and measurable myopia similar to the results of visual deprivation in the chicken. The sensitive period for myopia induction and the degree of myopia produced are intermediate between the chicken's rapid, robust response and the monkey's slower, less marked response . The chicken and the tree shrew models of experimental mypopia appear to differ on the underlying mechanism of axial elongation: eye growth that results from increased mitosis and protein synthesis [chicken (Christensen & Wallman, 1991) ] or scleral reorganization [tree shrew (Norton, Rada & Hassell, 1992) ].
THE PRIMATE MODEL OF MYOPIA
Occlusion-induced myopia can also be created in monkeys. Due to the expense and difficulty of working with primates, these experiments typically involve a small number of animals. The first study of myopia caused by lid-fusion vision deprivation reported on eight animals of two different species (Wiesel & Raviola, 1977) . Age at lid fusion varied from newborn monkeys to 1-yr-old monkeys, and the period of visual deprivation ranged from 19 days to 2 yr. Except for the oldest monkey, all monkeys developed myopia in the occluded eye relative to the contralateral, control eye; the myopia ranged from -1.00 to -13,50 D in rough proportion to the duration of occlusion and in inverse proportion to the age at occlusion onset. The anterior segments of these animals were unchanged; myopia was secondary to axial elongation in the deprived eye. Young's (1961 Young's ( , 1963 early findings of myopia in macaque monkeys reared in restricted visual space, long cited as evidence of the myopigenic effects of accommodation in monkeys, may simply be the effects of the visual deprivation induced by the plain, white cages. Similar effects have been shown with experimentally-induced corneal opacification (Wiesel & Raviola, 1979) , thereby eliminating any mechanical or thermal effects of lid fusion as the cause of the myopia.
Various experiments have been conducted in primates to determine whether the mechanism of deprivationinduced myopia is local, as in the retina-dominated chicken, or more central, requiring central nervous system input. Cortical input and/or connections are not necessary for lid suture myopia to occur (Raviola & Wiesel, 1985) , but the effects of atropine differ by species, as do the effects of optic nerve section. The influence of regional occlusion in the rhesus monkey has not yet been explored.
DOES EXPERIMENTAL MYOPIA PROVIDE A

MODEL FOR JUVENILE ONSET MYOPIA?
We present three specific arguments that severely limit the applicability of results from animal experiments to the etiology of human juvenile onset myopia. (1) No visual deprivation similar in magnitude to that produced by plastic occluders or by lid fusion in animals occurs in children. (2) The sensitive period for myopia induction in humans and the various animal species studies is very different. (3) The chicken experiments with eye growth tuned to imposed dioptric blue are due to a choroidal thickness modulation mechanism probably unique to avian species.
SEVERITY OF VISUAL DEPRIVATION
Inducing experimental myopia by creating visual deprivation in chickens and tree shrews (translucent plastic) and primates (lid suture) is dependent on a profound disruption of form vision and attendant reduction in contrast, yet there is no analogous experience in the normal visual world of the developing myope during childhood. The only candidate for this analogous visual deprivation in humans has been the developing myope's lag of accommodation which provides a small but continual error of focus that would have to degrade the retinal image sufficiently to drive abnormal human eye growth (Goss, 1991) . Myopes have been shown to exhibit higher accommodative lag (McBrien & Millodot, 1986) , especially in childhood (Gwiazda, Thorn, Bauer & Held, 1993a ). Yet is it unclear whether the accommodative lag in myopes is the cause or the result of their refractive error or whether this lag is, in fact, of sufficient magnitude to parallel deprivation in animals.
SENSITIVE PERIOD FOR MYOPIA INDUCTION
A deprivation/blur model from work in animals applied to juvenile onset myopia development is inconsistent with the age at which juvenile onset myopia occurs in humans. The annual incidence of myopia in children is low and relatively constant until the age of 8 yr, when it rises sharply and stabilizes at age 14 yr (Blum, Peters & Bettman, 1959) . Once juvenile onset myopia occurs, it tends to progress until the age of 15-17 yr (Goss & Winkler, 1983) . Therefore, sensitivity to deprivation in humans would have to occur between the ages of 8 and 16 yr. The evidence from animal models identifies a sensitive period in both the chicken (Wallman & Adams, 1987) and the monkey (Smith, Harwerth, Crawford & von Noorden, 1987) for producing myopia by deprivation. This period in primates corresponds to human ages of birth to seven years (Young, 1964) , well before the period during which juvenile onset myopia develops and progresses. Although it is more difficult to equate chicken or tree shrew and human developmental stages, it is clear that chicken sensitivity to deprivation is greatest at hatching (Wallman & Adams, 1987) and that tree shrew sensitivity begins at 15 days after eye opening and decreases thereafter (Norton, 1990; ; neither is greatest at "school age".
The animal myopia models' sensitive periods are more similar to the sensitive period for deprivation myopia that occurs in children between birth and 6 yr from sources of true visual deprivation, e.g. hemangioma (Robb, 1977 ), cataract (von Noorden & Lewis, 1987 , corneal opacity (Gee & Tabbara, 1988) , and vitreous hemorrhage (Miller-Meeks et al., 1989) . For animal models of deprivation myopia to be directly relevant to juvenile onset myopia development, measurable myopia in older animals resulting from small, constant levels of contrast reduction must be demonstrated. To date, such experiments have not been conducted.
EYE GROWTH AND SPECTACLE-INDUCED BLUR
Spectacle lenses producing dioptric blur provide a more subtle alteration of the visual environment, but this experimental paradigm lends itself to various interpretations. Experiments in the chicken where spectacle lenses have stimulated an accommodative response could shed light on the role, if any, of near work in human myopia. Contrary to claims made in the literature that such experiments support an environmental etiology for human myopia, spectacle lenses stimulating positive accommodation have not produced myopia in a dose-dependent fashion in the chicken (Schaeffel et al., 1988) . A more accurate tuning response to both plus and minus inducing lenses has been demonstrated in other laboratories (Irving et al., 1992; Wallman et al., 1992; Wildsoet & Wallman, 1993) , but, surprisingly, the choroid appears responsible for this tuned response Wildsoet & Wallman, 1993) . Factors contributing to these differences between laboratories have not been elucidated, and accommodation was not monitored in these studies. Nonetheless, humans neither negatively accommodate, nor is chorodial thickness a significant factor in human refractive error. The primary role for axial length in human refractive error was clearly established by Stenstrom (1948) and has not been contradicted by recent technology. Magnetic resonance imaging on a small sample of hyperopes, emmetropes, and myopes, differing in refractive error by an average of 10D, differed in choroidal thickness by an average of 0.4 mm (1 D equivalent). Differences were not noted in the peripheral choroid (Cheng, Singh, Kwong, Xiong, Woods & Brady, 1992) .
The relevance of animal models of myopia to human myopia etiology depends heavily on the predominance of environmental factors as causative of juvenile onset myopia, i.e. that the near work theory is correct. Yet this theory remains controversial; it has not been proven, nor is it universally accepted. Human myopia etiology represents a classic nature versus nurture argument, and there is also ample evidence for genetic influence. The children of myopic parents are more likely to be myopic themselves (Ashton, 1985; Goldschmidt, 1968; Gwiazda, Thorn, Bauer & Held, 1993b) . Monozygotic twins are more similar in their refractive error than dizygotic twins (Sorsby, Sheridan & Leary, 1962; Teikari, O'Donnell, Kaprio & Koskenvuo, 1991) . The unanswered etiological question centers on the relative contribution of genetic and environmental influences in the induction and progression of human myopia.
Animal myopia researchers have investigated the biochemical and cellular mechanisms modulating eye growth in chickens and primates. Amacrine cells have emerged as the most important class of retinal cells in the chicken model (Ehrlich, Sattayasai, Zappia & Barrington, 1990; Wildsoet & Pettigrew, 1988) but such detail has not been extended to primates. Candidate biochemical modulators of normal and abnormal eye growth in chickens include dopamine (Iuvone, Tigges, Fernandes & Tigges, 1989; Li, Schaeffel, Kohler & Zrenner, 1992 
